Soluble urokinase plasminogen activation receptor (suPAR) is risk factor for kidney disease and biomarker for cardiovascular outcomes but long term longitudinal analyses in a large European cohort have not been perfomed. To hus, we studied suPAR in participants of the Ludwigshafen Risk and Cardiovascular Health study over a very long follow-up time of nearly 10 years. We estimated overall risk of all-cause and cardiovascular death by Cox proportional hazards regression according to quartiles of suPAR, including age, sex, use of lipid-lowering drugs, body mass index, diabetes mellitus, hypertension, smoking, lipids, as well as glomerular filtration rate (eGFR), NT-proBNP, interleukin-6 and high-sensitive CRP as covariates. A total of 2940 participants (age 62.7 ± 10.5years) having a median eGFR of 83.8 mL/min/1.73 m 2 were included. The median suPAR concentration was 3010 pg/ mL (interquartile range, 2250-3988 pg/mL). Using the lowest quartile of suPAR as the reference, crude hazard ratio for cardiovascular mortality were 1.58 (95% CI 1.16-2.16), 1.85 (95% CI 1.37-2.52) and 2.75 (95% CI 2.03-3.71) in the second, third and fourth quartile, respectively. Adjusting for NT-proBNPeGFR or inflammation (interleukin-6 and high-sensitive CRP) confirmed results. suPAR predicts all-cause and cardiovascular death over a period of ten years in persons undergoing coronary angiography, independent of the natriuretic peptide NT-proBNP, kidney function and of markers of systemic inflammation. Future investigation into a potential causal role of suPAR in cardiovascular disease is warranted.
in renal disease involves podocyte integrin activation 8 , a causal role for suPAR in cardiac disease is speculative. suPAR levels have been shown to predict CV events and chronic kidney disease (CKD) 7, [9] [10] [11] . The present study represents a large analysis of the cardio-renal biomarker suPAR as predictor of mortality in an extensively characterized unselected European Caucasian population with a very long follow-up time of nearly 10 years. Using a baseline measurement of suPAR in the Ludwigshafen Risk and Cardiovascular Health (LURIC) study cohort, all relevant traditional and more recently established cardiovascular risk factors, we characterize the association between suPAR and all-cause as well as CV death. In addition, the additional value of suPAR to all traditional and well-known CV risk factors is evaluated by adjusting for these strong predictors of CV mortality and diseases.
Results
Patient population. Baseline suPAR assessments were available in 2940 of 3316 (88.7%) patients enrolled in the LURIC study. Patients were 68.4% (2012/2940) men; the mean age was 62.8 ± 10.5years. Median estimated glomerular filtration rate (eGFR) was 83.8 mL/min/1.73 m 2 with 398 patients showing an eGFR <60 mL/ min/1.73 m 2 . The median follow-up period was 9.9years (0.1-11.9). Detailed patients´ characteristics are presented in Table 1 . suPAR analysis. Median suPAR level was 3010 pg/mL (interquartile range, 2250-3988 pg/mL). Patients with high suPAR concentrations were more likely to be female, smokers, and more frequently had the diagnosis of hypertension, diabetes mellitus, congestive heart failure, and CV disease as compared to patients with low suPAR concentrations ( Table 1) . High suPAR levels were associated with higher age and blood pressure, higher concentrations of phosphate, iPTH and HbA1c as well as lower albumin, hemoglobin, and HDL-C.
Mean NT-pro BNP increased with each suPAR quartile. In addition, patients with high suPAR levels presented increased inflammation markers as leukocytes, hs-CRP and IL-6. Patients with high suPAR levels were more likely to have renal impairment. suPAR levels were correlated inversely with eGFR.
suPAR levels were significantly associated with prevalent CAD at baseline, heart failure, and CKD adjusted for age and sex as well as after additional adjustment for traditional risk factors as body-mass index (BMI), hypertension, smoking, and hyperlipidemia. Odds ratio for CAD, heart failure and diabetes mellitus increased significantly per one standard deviation increase of suPAR levels. Especially, the prevalence of CKD rose with suPAR levels (Table 2 ).
In the multivariate regression analysis, suPAR was independently influenced by eGFR, HDL-C, albumin, hemoglobin, blood pressure, yGT, IL-6, HbA1c, NT-proBNP, smoking status, and female gender (Table 3) . suPAR and fatal outcomes. All-cause mortality. During the follow-up period of 9.9years 873 (28.5%) patients died. High suPAR levels at baseline were associated with an increased risk for all-cause death (Fig. 1a) . The patient cohort was divided into quartiles according to their suPAR levels. Event-free survival decreased with suPAR quartile (Fig. 2a) . The unadjusted risk was incrementally higher with rising suPAR quartile. Patients in higher suPAR quartiles exhibited higher mortality risk after adjustment for age and sex (second quartile: HR 1.26; 95% CI, 1.0 to 1.6; third quartile: HR 1.69; 95% CI, 1.35-2.11; fourth quartile: HR 1.86; 95% CI, 2.31-3.52). This association remained significant after adjustment for additional confounders including strong biomarkers such as NT-proBNP, IL-6, and CRP (Table 4) . Cardiovascular mortality. In 538 patients (18.3%) death was caused by CV events. High suPAR levels at study baseline were associated with an increased risk CV death in the follow-up period (Fig. 1b) . The patient cohort was divided into quartiles according to their suPAR levels. Event-free survival decreased with suPAR quartile (Fig. 2b) . The unadjusted risk was incrementally higher with rising suPAR quartile (second quartile: HR 1.68; 95% CI 1.23-2.30; third quartile: HR 1.10; 95% CI 1.55-2.85; fourth quartile: HR 2.43; 95% CI 2.56-4.58). This association remained significant after adjustment for additional confounders (Table 4) , again including biomarkers.
As shown in Table 5 , the risk of all components of the endpoint of CV death increased with each quartile of suPAR levels. When we analyzed suPAR as a continuous variable, a 42% higher CV mortality risk was found per doubling of the suPAR concentration.
Death from infections. In 72 patients (2.4%) death was caused by infectious events. High suPAR levels at study baseline were associated with an increased risk to die due to fatal infection. When the patient cohort was divided into quartiles according to their suPAR levels, the unadjusted risk was incrementally higher with rising suPAR quartile (Table S1 ). This association remained significant after adjustment for confounders.
Analyzing suPAR as continuous variable, a 64% higher risk for fatal infection was found per doubling in suPAR concentrations (1.64, 1.08-2.47).
suPAR for risk assessment compared in addition to traditional risk factors. We examined whether adding suPAR to traditional CV risk factors as age, sex, body-mass index, LDL-C, HDL-C, smoking, hypertension, diabetes mellitus improved risk stratification for both, all-cause and CV death improved risk stratification (Table 6 ). Addition of suPAR to a model with traditional risk factors significantly improved the prediction of all-cause death and CV death (all-cause death, delta 0.016, p < 0.001; CV death, delta 0.005, p < 0.001). Addition of suPAR to a model with traditional risk factors also improved significantly risk stratification in the CAD subgroup.
SuPAR and mortality subgroups. Patients with coronary artery disease. In patients with stable CAD, all-cause mortality was best predicted by models 1 and 2, meaning that suPAR is a predictive biomarker after adjustment for age and sex (model 1) and further adjustment for traditional risk factors. Adjustment for Table 1 . Baseline population characteristics per quartile of soluble urokinase plasminogen activator receptor (suPAR). mean ± SD or median (25th-75th percentile) *ANOVA for continuous variables (non-normally distributed variables were log-transformed before entering analysis) or χ 2 test for categorial variables, **CAD defined as at least one stenosis ≥50%. ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CKDepi, epidemiological chronic kidney disease (formula); eGFR, estimated glomerular filtration rate; HbA1c, glycosylated hemoglobin; HDL-C, high density lipoprotein cholesterol; hsCRP, high sensitivity C-reactive protein; IL-6, interleukin 6; LDL-C, low density lipoprotein cholesterol; MDRD, modification of diet in renal disease (formula); NT-proBNP, N-terminal pro brain natriuretic peptide; N, number; p, significance; S-creatinine, serum creatinine. inflammation markers, NT-proBNP and eGFR, however, did not further enhance prediction of all-cause and CV mortality (Fig. 3a,b ). In patients with acute coronary syndrome (unstable CAD), suPAR only marginally improved the prediction of all-cause or CV mortality risk. The subgroup without angiographic CAD was too small and had too few events to derive meaningful estimates. Table 3 . Multivariate regression analysis of soluble urokinase plasminogen activator receptor (suPAR). All variables were Z-transformed before analysis. eGFR, estimated glomerular filtration rate; yGT, gamma glutamyltransferase; HbA1c, glycosylated hemoglobin; HDL-C, high density lipoprotein cholesterol; hsCRP, high sensitivity C-reactive protein; IL-6, interleukin 6; NT-proBNP, N-terminal pro brain natriuretic peptide. Patients with diabetes. In patients with diabetes mellitus all models predicted all-cause and CV morality (Fig. 3c,d ). suPAR remains as predictive biomarker even after adjustment for multiple confounders.
Patients with chronic kidney disease. Among the LURIC patients studied, 13.5% (398 of 2940) were at CKD stage 3 and higher at baseline. Median suPAR level of these CKD patients was 4520 (3528-5.898) pg/mL. Plasma suPAR levels increased with CKD stages (pg/mL; stage 1 2590 (1950-3350), stage 2 3070 (2310-3943), stage 3 4420 (3415-5735), stage 4 5370 (4300-7620), stage 5 6845 (5400-11198)). In the multivariate regression analysis eGFR was one of the most important independent "predictors" of suPAR (Table 3) . Addition of suPAR to a model with traditional risk factors also improved significantly risk stratification for all-cause and CV mortality in the CKD subgroup (Table 6 , Fig. 3e,f) . Including heart failure and peripheral artery disease to the model confirmed the predictive value of suPAR (Table S2) .
Discussion
This comprehensive post hoc analysis of the LURIC cohort represents one of the largest clinical studies examining the predictive value of suPAR. SuPAR was a strong predictor of all-cause and especially CV death over a period of ten years in persons undergoing coronary angiography. This association was not only independent of age, gender and other traditional CV risk factors, but also independent of strongly prognostic cardiac biomarkers as NT-proBNP and inflammation markers as hs-CRP and IL-6. The risk of all-cause and CV mortality increased gradually in parallel to the suPAR concentration with a very rapid risk increase until a suPAR level of 4000 pg/mL. Such an increase of risk with rising suPAR levels could be shown for all different components of the endpoint of CV death and, beyond this, for infections leading to death. Addition of suPAR to a model including traditional risk factors, leads to an improved risk prediction in the entire LURIC population as well as in the CAD and CKD subgroups. The latter shows that elevated suPAR levels were not merely a reflection of decreased renal function. Rather, suPAR may actively affect the prognosis of CKD patients independent of traditional risk factors and risk factors typical for CKD patients such as increased NT-proBNP and hsCRP.
In an analysis of the Emory Cardiovascular Biobank high levels of plasma suPAR were associated with the presence and severity of CAD and were independent predictors of death and myocardial infarction in patients with suspected or known CAD 12 . The Danish MONICA study has shown in a cohort of 2602 patients that suPAR is associated with all-cause mortality and CV disease 7 . Further, the addition of suPAR improved CV risk prediction beyond the Framingham Risk Score 6 . In another small Danish single center study, suPAR concentrations measured in 449 chest pain patients was predictive for death during a median follow-up of 5.7years independent of age, sex, smoking, and comorbidities 13 . In the LURIC study, suPAR levels contributed significantly to predict not only all-cause and the summary of CV mortality but also all different causes of CV death as sudden cardiac death, fatal myocardial infarction, congestive heart failure as well as fatal stroke in the LURIC study.
The present investigation is the first evaluation of suPAR in a large prospective clinical cohort of about 3000 Caucasians undergoing coronary angiography with a long-term follow-up. Another advantage of the LURIC study is that it includes a comprehensively characterized patient cohort in whom also strongly predictive, emerging biomarkers were available. This allowed us to prove that the predictive value of suPAR for the endpoints all-cause and CV mortality was independent of NT-proBNP, IL-6 and hsCRP.
NT-proBNP is a well-known diagnostic biomarker for heart failure and CV mortality and a predictor of CV outcome in the general population and in patients with varying underlying disease 14, 15 . In the LURIC study, NT-proBNP levels increased significantly with each suPAR quartile and the multivariate regression analysis revealed NT-proBNP as independently correlated with suPAR. Yet, as to CV mortality, the HR was as high as 2.75 (95% CI 2.03-3.71) in the highest compared to the lowest suPAR quartile after adjusting for traditional risk factors along with renal function, inflammation markers, and NT-proBNP. Table 4 . Risk (hazard ratio and 95% confidence interval) of all-cause mortality and cardiovascular mortality stratified by quartiles of soluble urokinase plasminogen activator receptor (suPAR) concentration (pg/mL) at baseline (study population n = 2940). mean ± SD or median (25th-75th percentile). Model 1: adjusted for age and sex. Model 2: additionally adjusted for lipid lowering therapy, coronary artery disease status, body-mass index, diabetes mellitus, hypertension, smoking, LDL-C, HDL-C and log triglycerides. Model 3: additionally adjusted for estimated glomerular filtration rate, NT-proBNP, interleukin 6 and high-sensitive C-reactive protein. CI, confidence interval; HR, hazard ratio; p, significance. Table 5 . Risk (hazard ratio and 95% confidence interval) of sudden cardiac death, fatal myocardial infarction, fatal stroke, death due to congestive heart failure stratified by quartiles of soluble urokinase plasminogen activator receptor (suPAR) concentration (pg/mL) at baseline (study population n = 2940). mean ± SD or median (25th-75th percentile). Model 1: adjusted for age and sex. Model 2: additionally adjusted for lipid lowering therapy, coronary artery disease status, body-mass index, diabetes mellitus, hypertension, smoking, LDL-C, HDL-C and log triglycerides. SuPAR appears to be involved in pathophysiological pathways linked to atherosclerosis different from inflammatory processes 4, 16 . The finding that suPAR might be stronger associated with atherosclerosis than CRP has become apparent from the Danish Risk Score study 17 . Statin treatment exhibits anti-inflammatory effects 18 . In the present study, percentages of patients with statins were similar in all four suPAR quartiles and LDL-C did not significantly increase with suPAR quartiles. In support of this, suPAR outperformed not only the highly predictive marker NT-proBNP, but also at the same time the strong inflammation markers hsCRP and IL-6. Table 6 . Prediction of all-cause mortality and cardiovascular mortality with traditional risk factors (age, sex, body-mass index, LDL-C, HDL-C, smoking, hypertension, diabetes mellitus) as well as heart failure and with and without soluble urokinase plasminogen activator receptor (suPAR) concentration. *P versus base model; **P versus Base + NT-proBNP. AUC, area under the curve; CAD, coronary artery disease; CI, confidence interval; CKD, chronic kidney disease; p significance; suPAR, soluble urokinase plasminogen activator receptor. 12 . In the LURIC study, subgroup analysis of patients with stable CAD, the HR estimates decreased when adjusted for inflammation, NT-proBNP and eGFR. Similarly, especially subgroups prone to CV events as patients with impaired renal function or diabetes mellitus revealed a decrease of HR estimates when adjusting for these confounders. These results are in line with a post hoc analysis of the 4D study on the association of suPAR in diabetic hemodialysis patients and all-cause or CV death 19 . In patients with acute coronary syndrome, suPAR only marginally improved the prediction of fatal outcomes, but this slight improvement of prediction was robust after adjusting for CV risk factors. In a small earlier study of patients with ST-elevation myocardial infarction, suPAR did not change during the acute phase of the disease 20 . Similarly, coronary artery bypass surgery did not affect suPAR levels 21 , together also suggesting that suPAR is not acting as a classical acute phase reactant. In patients with impaired renal function, suPAR was a strong predictor for all-cause and CV mortality. In this subgroup, suPAR retained its predictive value even after adjustment for typical cardiac risk factors in CKD. The association of suPAR with outcomes in renal failure has been shown in the 4D study and in a small earlier report of 476 patients with mild-moderate CKD in which suPAR correlated with mortality and incident CV events 19, 22 . All these results show that suPAR remains predictive for CV outcome even if renal function declines. This is of special importance since suPAR itself has been suggested to be predictive of incident renal CKD and may have a pathogenic component in renal disease 11, [23] [24] [25] [26] . Hayek et al. demonstrated that suPAR was linked to incident CKD and an accelerated decline in eGFR in patients with pre-existing CKD. In the present LURIC population, prevalence of CKD increased significantly with suPAR quartiles either after adjustment for age and sex as well as after adjustment for traditional risk factors.
Model 1 Demographics

Model
Among the limitations of the present study might be the study design which was a post hoc analysis within a cohort of inhabitants of a geographic area in Germany. However, all patients undergoing coronary angiography in this area independent of co-morbidity were enrolled. Therefore, at least a generalization to Caucasian patients is feasible. Despite of adjustments for multiple well-known confounders additional confounding is possible. Analyses and results of subgroups as CKD patients or patients with acute myocardial infarction are weaker compared to the total patient cohort due to the smaller sample size. Future therapeutic options relating to suPAR could also not be addressed.
This comprehensive evaluation on the predictive value of suPAR for all-cause and CV mortality in a post hoc analysis of the large LURIC study confirmed suPAR as an extraordinarily strong predictor of all-cause and especially CV mortality over a period of ten years in Caucasian persons undergoing coronary angiography, independent of cardiac and kidney function and markers of systemic inflammation. In addition, this effect could also be seen in patients with mild and moderate CKD. Altogether, the present analysis contributes to our understanding evaluation of suPAR as a risk marker. Further research is needed to elucidate a potential underlying pathophysiology for suPAR and cardiovascular disease.
Methods
Study design and participants. In the present post hoc analysis, suPAR was measured in baseline blood samples from patients participating in the LURIC study. The LURIC study is a prospective cohort study on 3316 Caucasians referred to coronary angiography between 1997 and 2000 at the Ludwigshafen Heart Center in German. Indications for angiography were clinical symptoms as chest pain or a positive non-invasive stress test suggesting myocardial ischemia. Individual suffering from acute illness other than acute coronary syndromes, chronic disease not primarily CV and history of malignancy within the last 5 years as well as subjects not able to understand the purpose of the study were excluded 27 . The study was approved by the local ethics committee ("Landesärztekammer Rheinland-Pfalz", no. 1997-203) and conducted in accordance with the principles of the Declaration of Helsinki. Informed written consent was obtained from all participants.
Clinical data collection. Standardized questionnaires and collection of clinical data from the patients´ charts were obtained from all enrolled subjects.
The presence of a visible luminal narrowing (>20% stenosis) in at least one of 15 coronary segments was used to define coronary artery disease (CAD) according to the classification of the American Heart Association. Diabetes mellitus was defined according to 2010 guidelines of the American Diabetes Association as increased fasting (≥126 mg/dl) and/or post-challenge (2 h after the 75 g glucose load >200 mg/dl) glucose and/or elevated glycated hemoglobin (>6.5%) and/or history of diabetes. Hypertension was defined as a systolic and/or diastolic blood pressure ≥140 and/or ≥90 mm Hg or a history of hypertension. The glomerular filtration rate was estimated by using the 2012 CKD-EPI eGFRcreat-cys equation 28 and the patients were stratified into categories of their eGFR according to the Kidney Disease: Improving Global Outcomes (KDIGO) guidelines 29 . Information on vital status was obtained from local registries. Death certificates, medical records of local hospitals, and autopsy data were reviewed independently by two experienced clinicians who were blinded to patient characteristics and who classified the causes of death. CV mortality was defined as death due to fatal myocardial infarction, sudden cardiac death, death after CV intervention, stroke and other causes of death due to CV diseases.
Laboratory measurements.
Fasting blood samples were obtained by venipuncture in the early morning in a standardized procedure 27 . Blood glucose, cholesterol, triglycerides, low-and high-density lipoprotein cholesterol (LDL-C, HDL-C), fibrinogen, calcium, phosphate, gamma glutamyltransferase (yGT), albumin, glycosylated hemoglobin (HbA1c), blood account were determined by common laboratory assays. Intact parathormone (iPTH) was assessed using an ElectroChemiLuminescence Immunoassay (ECLIA) on an Elecsys 2010 (Roche Diagnostics, Mannheim, Germany). High-sensitivity C-reactive protein (hsCRP) was measured on a BN II analyzer by nephrelometry (Dade Behring, Marburg, Germany), interleukin 6 (IL-6) was measured by enzyme-linked immunosorbent assay (high sensitivity, Quantikine kit; R&D Systems, Wiesbaden, Germany). N-terminal pro brain natriuretic peptide (NT-pro-BNP) was measured by electro-chemiluminescence on an Elecsys 2010 (Roche Diagnostics).
suPAR measurements. Plasma suPAR levels were determined in blood samples taken at baseline by ELISA (suPARknostic kit; ViroGates, Copenhagen, Denmark), with a lower detection limit of 100 pg/mL. Intra-and inter-assay variation was 2.75% and 9.17%, respectively. These blood samples had been stored for a median of 18 years in controlled −80 °C refrigerators. SuPAR measurements have been assessed to be stable in long-term storage and are minimally affected by repeated freezing and thawing cycles. Technicians measuring suPAR were blinded to clinical outcome data. Statistical analyses. All continuous variables were checked for normality and variables showing a skewed distribution were logarithmically transformed. Continuous variables were compared between groups by ANOVA. Associations between categorical variables were examined by chi-square testing. suPAR was examined as quartiles or as standardized, Z-transformed values. The Z-score is calculated by subtracting the sample mean from the individual raw values and then dividing the difference by the sample standard deviation. To examine the relationship with mortality we calculated hazard ratios (HR) and 95% confidence intervals (95% CI) using the Cox proportional hazards model. Multivariable adjustment was carried out as indicated. The proportional hazard assumption was checked by examination of scaled Schoenfeld residuals. HR plots were drawn using the R-package 'rms' (v5.1-1) with suPAR modeled as restricted cubic spline with three knots. For the calculation of Harrells C we first calculated the linear predictors of the respective Cox regression models and used these as input for the rcorrcens function as implemented in the R-package Hmisc (v 4.1-1). ROC curves based on binary logistic regression models were calculated and compared using the method of Delong as implemented in the R package 'pROC' (v1.8). IBM SPSS Statistics v. 22.0 (IBM Corporation) and R statistical software v. 3.4.0 (http:// www.r-project.org) was used for all analyses.
